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HI intensity mapping (IM) is an exciting new probe that could revolutionize the future of
cosmology. However, the relative faintness of the HI signal when compared to foregrounds of
astrophysical or terrestrial origin will make HI IM extremely challenging. The imprint of these
foregrounds may result in systematic errors in the recovered cosmological signal. We discuss
an IM simulation pipeline developed at Manchester that can introduce systematic errors at
the TOD level in order to help assess their impact. We will present results for two potential
sources of systematics for HI IM surveys: 1/f noise and the integrated emission from global
navigation satellites.
1 Introduction
HI intensity mapping (IM) is a promising new cosmological probe (see1,2,3 and references therein)
by having the potential to map fluctuations in the cosmic matter density across a huge span of
cosmic time4,5,6.
The expected scale of the HI IM fluctuations are of the order 100µK1, which is several
orders of magnitude fainter than the known brightness of astrophysical foregrounds. The huge
difference in brightness between the HI signal and foregrounds puts extreme constraints on
instrumentation to be both spectrally and temporally stable, as most current techniques for
foreground subtraction rely upon the spectral smoothness of astrophysical foregrounds7,8,9.
There are many possible systematic within a HI IM dataset that may result in the fore-
grounds signals deviating from spectral smoothness. Many of these systematics occur due to the
instrumentation (such as 1/f gain fluctuations9,10, beam sidelobes or polarisation leakage8), or
the environment (e.g., man-made radio-frequency interference or RFI). Many of these systemat-
ics are temporally variable, and therefore assessing the impact of them for future HI IM surveys
requires end-to-end simulations of observations at the time-ordered data (TOD) level. In these
proceedings we will present just such a pipeline and the current status of assessing the impact
of 1/f noise and RFI from global navigation satellites on future single-dish HI IM surveys.
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Figure 1 – Model power spectra of 1/f noise that has correlated fluctuations in both time and frequency (left
and middle). The 1/f noise correlations in time are described by the parameter α, and in frequency by β. The
knee frequency fk (or in frequency ωk), is where the power of the 1/f noise spectrum and white noise power (σ
2
w)
are equal. An example waterfall plot of 1/f noise from the IM simulation pipeline is shown in the right plot for
α = 1, β = 0.25 and a system temperature of Tsys = 20 K.
2 Simulations
We have developed a simulation pipeline for modelling a general single-dish HI IM experiment
at the level of the generation of the TOD. The pipeline includes methods for simulating the
expected cosmological HI signal, maps of Galactic foregrounds, and a suite of experiment specific
systematics that act at the TOD level. The pipeline also includes methods for data analysis and
processing, and includes both basic component separation methods such as PCA9,8 and advanced
novel methods such as GNILC11,12. The pipeline is written in a combination of Python, C and
FORTRAN, and is designed to be fully parallelised using MPI libraries.
2.1 1/f Noise
1/f noise is a familiar systematic for single-dish radio and sub-mm astronomy13,14. For HI IM
experiments 1/f noise originating from gain fluctuations in receiver amplifiers should be very
spectrally correlated, and as such should be easily removed using existing foreground subtraction
methods10. However, small deviations in the spectral smoothness of the 1/f noise, introduced by
either the instrumentation or data analysis methods, greatly increases the difficulty in separating
the 1/f noise from the HI signal.
Fig. 1 shows the model power spectrum of 1/f noise in both time and frequency. The
correlations in time are described by the index α and in frequency by β, the amplitude of the
fluctuations is dictated by the knee frequency fk (the temporal scale where the power density
of the 1/f noise and white noise are unity). The waterfall plot shows an example output from
the simulations for a β = 0.25. In a recent paper10 various values of β between 0 (completely
correlated) to 1 (completely uncorrelated) were explored in the context of a model phase 1
SKA-MID array. It was found that for even very small levels of decorrelation in the 1/f noise
spectrum (e.g., β > 0.25) results in a greatly increased uncertainty in the recovered HI power
spectrum on large scales. If the 1/f noise is entirely uncorrelated with a knee frequency close to
1Hz per 20 MHz channel width it was found that a 30 day SKA HI IM survey would not even
be able to detect the cosmological HI signal on any scale.
2.2 Global Navigation Satellites
The global navigation satellites system (GNSS) is a network of approximately 120 satellites
spread predominantly over the three global constellations: GPS (USA), GLONASS (Russia)
Figure 2 – Expected flux density contributions of of GNSS satellites for the GPS, Galileo and GLONASS con-
stellations if all three satellites were within the main beam of the telescope. Region marked in band is the official
GNSS allocation, while the out-of-band region is the predicted leakage of GNSS power into non-GNSS allocations.
For reference the radio flux density of the quiet Sun is between 105 − 106 Jy.
and Galileo (Europe). Alongside these there are also more regional constellations controlled
by Japan, India and China. Currently there are approximately 60 GNSS satellites in orbit
with plans to expand to 120 by 203015. Each one of these satellites usually has three services
that broadcast with central frequencies between 1165 < ν < 1610 MHz16, however the nature
of the GNSS transmission means that power leaks into out-of-bands regions of the spectrum
that, although are well within international limits17, are still bright enough to be problematic
for HI radio astronomy. This is because each one of these satellites are as bright as the quiet
Sun when observed within the GNSS band18,19, but unlike the Sun there are always 6 or more
satellites above the horizon at any given time all moving continuously within the sidelobes of
the telescope. Fig. 2 shows an example of the expected GNSS spectrum when observing directly
one satellite from each GNSS constellation and highlights the complex spectral structure of the
GNSS satellite emission.
As the GNSS satellites are moving in fixed orbital planes that are comoving with the celestial
sky the integrated emission of the satellites over a long HI IM survey would stack. The impact
of this integrated emission was assessed using the IM pipeline and assuming a model HI IM
survey with the phase 1 SKA-MID array19. The nature of the integrated GNSS emission is a
convolution of the satellite celestial tracks and the beam (specifically the far sidelobes) of the
observing telescope. It was shown recently19 that an SKA HI IM survey will have a substantial
contribution from the integrated GNSS emission at frequencies ν > 900 MHz or redshifts of
z < 0.6. This is concerning as the integrated GNSS emission foreground will not be spectrally
smooth (as shown in Fig. 2), therefore existing component separation methods may find it
challenging to remove and a new, novel approach may be required.
3 Conclusion
HI IM is an upcoming new method with great potential as a cosmological probe. However the
faintness of the HI signal relative to astrophysical, instrumental and man-made foregrounds will
present a serious challenge for future experiments and surveys. In these proceedings we have
discussed the Manchester IM simulations pipeline and how it will be useful for assessing the
impact of systematic errors that act at the TOD level, such as 1/f noise, beam sidelobes, or
polarisation leakage. We have specifically discussed the impact of 1/f noise, which in the best
case scenario may be far less of a problem than in previous CMB experiments but requires careful
processing of the data and instrumental design. We also discussed the impact of the integrated
emission from GNSS satellites, a potentially unique foreground to HI IM experiments, and how
it will require a novel approach to remove from observations at redshifts z < 0.6.
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